The movement of Cymbidium mosaic virus (CyMV) was compared with that of Odontoglossum ringspot virus (ORSV) in Dendrobium hybrid orchids using tissue blot immunoassay (TBIA). We found that CyMV moves systemically in vascular tissues but ORSV moves only cell-to-cell in this host. TBIA was also used to monitor the replication and movement of CyMV in transgenic orchid plants. We 
INTRODUCTION
Cymbidium mosaic virus (CyMV) is the most prevalent and economically important virus infecting orchids worldwide (Hu et al., 1993; Lawson and Brannigan, 1986; Zettler et al., 1990) . CyMV causes chlorotic to necrotic sunken patches on leaves, necrosis on flowers, and reduces plant vigor, growth rate, and flower quality (Hu et al., 1993; Okemura et al., 1984) . It is not transmitted by natural vectors but is primarily spread by contaminated tools during propagation of plants and harvesting of flowers (Hu et al., 1994; Wisler, 1989; Zettler et al., 1990) . CyMV is widespread among orchid genera in Hawaii.
Current recommended methods for CyMV control involve sterilizing pruning tools and sanitation practices (Wisler, 1989; Zettler et al., 1990) . Given its stability, the existence of symptomless hosts, the frequent handling of plants during harvesting, and no known source of genetic resistance, control of CyMV is difficult (Lawson and Brannigan, 1986; Zettler et al., 1990 ). An integrated approach utilizing virus-free propagation stock, sanitary culture, and genetically engineered orchids resistant to viruses may provide more complete control. This report compares the movement of CyMV to ORSV in Dendrobium orchids and the development of CyMV-resistant transgenic Nicotiana benthamiana and Dendrobium orchids.
MATERIALS AND METHODS

Movement of CyMV and ORSV
Movement of CyMV in University of Hawaii-developed Dendrobium hybrid orchids was characterized and compared with that of Odontoglossum ringspot virus (ORSV). The third leaf from the bottom of each pseudobulb of Dendrobium orchids was 138 inoculated mechanically with CyMV or ORSV as described (Hu et al., 1993) . Abrasive (carborundum 320 grit) was sprinkled on the surface of each leaf to be inoculated, virus extracts in PBS buffer (2.7 mM KCl, 137 mM NaCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , 0.1% NaN 3 ; pH=7.4) were rubbed on the distal 1/3 of the surface of the leaves with a cotton-tipped applicator, and the inoculated leaves were then rinsed with tap water. Virus extracts were prepared from leaves of infected Dendrobium orchids (as determined by ELISA) and used at a dilution of 1:10 in PBS buffer. Inoculated plants were kept in a greenhouse at 25°C and tested for virus infection and movement by a tissue blot immunoassay (TBIA) as described by Hu et al. (Hu et al., 1997) . The TBIA tests were conducted two to six weeks after inoculation. Infection of some of the inoculated plants by ORSV were confirmed by double antibody sandwich ELISA (DAS-ELISA) using conditions of Hu et al. (Hu et al., 1993) , or by PCR analysis as described by Barry et al. (Barry et al., 1995) .
Tissue Blot Immunoassay
A razor blade was used to make transverse cuts across orchid leaves to make an even edge. This freshly-cut edge was firmly pressed onto 0.45 µm NitroBind ® nitrocellulose membranes (Micron Separations Inc., Westboro, MA) for 3 to 5 seconds. Sequential sections at 5 mm intervals were blotted onto membranes from the tip to the base of each leaf. Blotted membranes were stored dry at room temperature until analyzed. For analysis, blotted membranes were first blocked with 2% (w/v) powdered milk dissolved in PBS buffer for 60 minutes at room temperature. Membranes were then incubated with l µg/ml anti-CyMV polyclonal antibodies (Hu et al., 1993) in PBS + 2% milk with gentle agitation at 37°C for 3 hours. Membranes were washed in three changes of room temperature PBST (PBS + 0.05% Tween 20) for 10 minutes each with constant agitation, and then were incubated with goat anti-rabbit (GAR) alkaline phosphatase conjugate (Sigma Chemical Co., St. Louis, MO) at 1:1000 dilution in PBS for 3 hours at 37°C. Membranes were washed as described above, placed in alkaline phosphatase substrate (1 tablet/15 ml H 2 O, Sigma Fast BCIP/NBT; #B5655) and incubated at room temperature until color developed, then rinsed in distilled water and allowed to air dry.
CyMV Gene Construct Development
A Hawaiian isolate of Cymbidium mosaic virus (CyMV-H) was partially purified from a Dendrobium cultivar, and a cDNA library was constructed (Barry et al., 1995) . Clones containing the CP and MP genes were identified by colony hybridization and polymerase chain reaction (PCR). The CyMV-CP gene was amplified by PCR from one of these clones, subcloned into pBI525 or pBI426 (Fig. 3) and sequenced. The CP upstream primer sequence was 5'-CTCTCACCATGGGTTATTCAGTAA GGGGGTGCAG-3' and the downstream primer sequence was 5'-CTTCCACCATGGC AACTCCAGCTGCCACTTACT-3'. Both primers included an NcoI restriction site for cloning into the plant gene expression vectors pBI525 and pBI426 (gifts from W. Crosby, Plant Biotechnology Institute, Saskatoon, Canada). Plasmid pBI525 has a duplicated CaMV 35S promoter and an AMV 5'-untranslated leader region upstream from the NcoI cloning site with the NOS termination sequence downstream from the NcoI site (Datla et al., 1993) . Plasmid pBI426 has a duplicated CaMV 35S promoter and an AMV 5'-untranslated leader region upstream from the NcoI cloning site, as in pBI525, but also has a GUS/NPTII fusion gene downstream from the AMV 5'-untranslated leader region (Fig. 3) .
The CyMV mutant-MP construct (CMP11) was prepared by PCR using template DNA synthesized by RT-PCR of the 14K and 10K regions of the triple-gene block sequence of CyMV-H. Primers used for PCR amplification of the CyMV MP gene were determined based on comparisons of published sequence information (Neo et al., 1992; Barry et al., 1996) . The amplification primers P1 and P2 recognized sequences from bases 5002-5027 and 5464-5487 and contained NcoI sites at their 5' ends ( Fig. 2A) . Two mutagenesis primers, P3 and P4, nested between primers P1 and P2, which shared 31 bases of sequence homology ( Fig. 2A ) and which incorporated six single-base changes to the CyMV-H isolate sequence were used in combination with primers P1 and P2 to produce two amplicons (P1/P3 and P2/P4) that spanned the 14K-10K region. These mutated amplicons were then used together as templates in another PCR with primers P1 and P2 to produce a full-length copy of the 14K-10K region of the triple gene block that incorporated the six base-pair mutation and contained NcoI sites at each terminus (Fig.  2B ). This mutated amplicon was digested with NcoI, ligated into the NcoI site of pBI525 and used to transform E. coli DH5α  cells. Plasmid pBI525 was then digested with HindIII and EcoRI and the insert was subcloned into the corresponding site of pBI121. Plasmid pBI121 containing the mutant 14K-10K movement gene of CyMV-H was transferred to Agrobacterium tumefaciens LBA4404 by triparental mating and used to transform N. benthamiana.
Production of Transgenic Plants
N. benthamiana was used as a model to rapidly check transformation, expression, and resistance results. Nicotiana benthamiana seeds were surface sterilized for 6 to 8 hours in a closed container with chlorine gas that was generated by adding 3 mL concentrated HCl to 100 mL commercial bleach (3% NaOCl). Sterilized seeds were germinated on sterile MS medium and grown for three weeks. Leaves from these plants were collected for transformation using Agrobacterium tumefaciens strain LBA4404 containing plasmid pBI121 (Fig. 3 ) engineered with two constructs derived from CyMV: CCP5 that is the sense construct of the coat protein gene; and CMP11 that is a sense construct of the CyMV movement protein with six single base-pair changes. Agrobacterium cell cultures containing the above pBI121 constructs were grown in LB + kanamycin (50 µg/mL) and streptomycin (25 µg/mL) at 30°C with shaking for 18 hours. Cells were then diluted 1:10 in LB + kanamycin and streptomycin as above and incubated for 1 to 2 minutes with excised, sectioned leaves of N. benthamiana. Leaf sections were blotted dry and placed adaxial side down on half-strength MS plates without selection at room temperature in complete darkness. After 3 days, leaf pieces were transferred to regeneration plates containing full-strength MS macro-and micronutrients, vitamins (100 mg/L myoinositol; 10 mg/L thiamine . HCl; 1.0 mg/L nicotinic acid; and 1.0 mg/L pyridoxine . HCL) 30 g/L sucrose, 8.0 g/L Bacto agar, pH=5.8. Autoclaved medium was cooled to 50°C and benzyladenine (1.0 mg/L), naphthalene acetic acid (0.1 mg/L), kanamycin to final concentration of 300 µg/L, and carbenicillin to final concentration of 500 µg/L were added. Leaf sections on this medium were grown at 27°C with 16 hour photoperiod. After 4 weeks, leaf pieces were transferred to fresh regeneration plates and incubated as above. Two to four weeks later, plantlets that had developed were excised from the callus and placed on rooting medium (half-strength MS + 500 µg/L carbenicillin + 100 µg/L kanamycin) at 27°C to allow root formation. Periodically as plantlets developed roots, they were removed from the tissue culture vessels and transplanted into a soil-free planting mix and grown in the greenhouse.
The following CyMV-CP and MP gene constructs were prepared for biolistic cotransformation to produce transgenic orchids: CCP5, sense orientation of coat protein gene; and CMP11, sense orientation of mutant movement protein gene. These constructs were cloned into pBI525 (Fig. 3) and used for biolistic co-transformation along with the selectable marker plasmids pBI426 with kanamycin resistance (Fig. 3) or pSAN154 with hygromycin resistance. Protocorm-like bodies of breeding line Dendrobium x J. Thomas O580-4N and protocorms of Dendrobium × J. Thomas 'Uniwai Mist' (UH800), and Dendrobium × J. Thomas 'Uniwai Pearl' (UH306), commercial cultivars with white flowers that readily show virus symptoms, were transformed by microprojectile bombardment. Kanamycin and hygromycin antibiotics were used in positive selection for transformed orchid tissues (Kuehnle, 1997) . Antibiotic-resistant tissue was induced to regenerate shoots and roots, and plants were then transferred to orchid potting medium and maintained in a greenhouse. Steps for orchid plant recovery from bombarded protocorms, and protocorm-like-bodies, under conditions for selection with antibiotics have been determined previously (Kuehnle, 1997) .
Characterization of Transgenic Plants
Transformed Dendrobium and N. benthamiana were examined for presence of the CP or mutant-MP genes using PCR analyses. The expression of coat proteins in transgenic plants was evaluated in ELISA and western blot tests. Regenerated orchid plants were challenged with CyMV using standard mechanical inoculation techniques three to twelve months after acclimatization in the greenhouse. CyMV inoculum was prepared from a CyMV-infected Dendrobium cultivar by grinding 1 g fresh leaf tissue in 10 mL buffer (0.1 M KH 2 PO4, 0.01 M MgCl 2 ; pH=7.2). Two 10-fold serial dilutions were made in this buffer and the diluted CyMV preparation was used to inoculate test plants. This 1:1000 diluted preparation of inoculum produced between 5 and 10 local lesions per leaf on Cassia occidentalis indicator plants. Scoring for virus infection and movement using TBIA took place about one month after inoculation. In our preliminary experiments, Dendrobium orchids inoculated with CyMV became infected within one month. CyMV replication and movement in the transgenic orchid plants were monitored using TBIA as described above.
Individual leaves of transgenic N. benthamiana plants were inoculated with CyMV when the plants were about 20 cm tall. Usually, three plants of each line were challenged with inoculum as above. Beginning 10 days after challenge and continuing for 2 to 3 more weeks at weekly intervals, infection of these plants by CyMV was monitored by double antibody sandwich ELISA (DAS-ELISA) (Clark and Adams, 1977) performed using conditions of Hu et al. (Hu et al., 1993) . Absorbance at 405 nm was measured with a Model 450 Microplate Reader (BioRad) at 1, 2, and 24 hours. Extracts of CyMVinfected Dendrobium, and CyMV-challenged and non-challenged untransformed N. benthamiana were included in each assay as controls.
RESULTS AND DISCUSSION
Movement of CyMV
We have previously shown 100% transmission of both CyMV and ORSV to University of Hawaii Dendrobium hybrids by mechanical inoculation (Hu et al., 1994) . CyMV was first detected from inoculated leaves 3 days after inoculation, and then moved to the entire plants within one month. However, although all the inoculated leaves were ELISA-positive for ORSV within one week, ORSV was not detected from non-inoculated leaves and roots (Hu et al., 1994) .
In this study, we used TBIA to examine movement of CyMV and ORSV in UH Dendrobium hybrids. The tip 1/3 of the orchid leaves was inoculated and the entire leaves were tested by TBIA from two weeks after inoculation. The leaves were cut every 0.5 cm and blotted onto membranes for TBIA tests. When the orchid leaf samples were tested six weeks after inoculation, CyMV was detected from the non-inoculated sections of the inoculated leaves but ORSV was only detected from the inoculated sections and a few non-inoculated sections ( Figure 1A) . TBIA results showed that CyMV moves rapidly to the entire inoculated leaves within six weeks; ORSV, however, only moved about 1 cm in inoculated leaves from the inoculated area to non-inoculated areas (Fig. 1A) . When the blots of orchid leaf sections were examined more closely under dissecting microscopes, CyMV was found to be associated with the vascular tissues but ORSV was in all types of cells (Fig. 1B) . These results show that CyMV moves rapidly in the vascular tissues but ORSV only moves from cell to cell. Orchids are usually propagated vegetatively; if the mother plants are infected by ORSV, all the new plants are infected. However, UH Dendrobium hybrid orchids are propagated from seeds. ORSV is not seedborne and all the seedlings are free of ORSV. When the seed-propagated UH hybrids are infected by ORSV, the virus only moves slowly from cell to cell without causing systemic infection. Indeed, we detected ORSV only in mericloned orchids but not from University of Hawaii Dendrobium hybrids (Hu et al., 1993) . This result shows that CyMV is more important for our UH Dendrobium hybrid industry and it became the focus of our research to develop CyMV-resistant transgenic orchids.
Production of Transgenic Plants with CyMV Genes
Sixteen lines of Nicotiana benthamiana transformed with the sense construct of the CyMV coat protein and twelve lines transformed with the sense construct of a mutated form of the CyMV movement protein were obtained and tested for resistance to CyMV challenge.
We have obtained 29 confirmed transgenic orchid lines (20 of UH800, and 9 of UH306), as shown by positive PCR tests for the CyMV-CP, or CyMV-mutant MP genes. Four independently transformed lines of cultivar UH800 transformed with the CyMV-CP construct, and sixteen independently transformed lines of cultivar UH800 plus nine lines of cultivar UH306 both transformed with the CyMV mutant-MP construct, were generated and tested for resistance to CyMV.
Characterization of Transgenic Plants
Transgenic N. benthamiana and orchid plants were obtained and evaluated for CyMV resistance after mechanical inoculations in greenhouse experiments under controlled conditions. Four transgenic N. benthamiana lines (CCP5-2, transformed with the CP gene were slightly more resistant to CyMV compared to controls (Fig. 4) . Four transgenic N. benthamiana lines (CMP11-W5, CMP11-W10, CMP11-W34, and CMP11-W38) transformed with the mutant-MP gene were highly resistant to CyMV infection compared to controls (Fig. 5) . Four transgenic orchid lines transformed with the CP gene tested thus far all became infected. Five of twenty-five lines transformed with the CyMV mutant-MP gene construct were negative in TBIA six months after challenge with diluted CyMV inoculum (1:1000). All six control non-transgenic orchid plants inoculated with the 1:1000 dilution of CyMV tested positive by TBIA. However, all of the plants of sixteen other lines inoculated with a more concentrated CyMV preparation (1:10) became infected. These results suggest that some transgenic orchids are at least partially resistant to CyMV infection. Further characterization of these transgenic orchid lines for CyMV resistance is in progress. New gene constructs with inverted repeats that have been shown to induce gene silencing might be more likely to produce transgenic orchid plants highly resistant to CyMV infection (Waterhouse et al., 2001) .
We are among the first research groups to have produced transgenic orchids of commercial interest with incorporated virus genes. This advance has provided the opportunity to apply an integrated approach for virus control utilizing virus-free orchids, sound cultural practices, and genetically engineered orchids with virus resistance. This may provide more complete control of the orchid viruses and result in economic benefit to orchid growers. In addition, the information and experiences obtained in this project will be useful for future work to improve orchid quality using genetic engineering approaches. 
